INTRODUCTION
Long-chain fatty acyl-CoA is a metabolically active form of fatty acid. Various kinds of enzymic conversion of fatty acids, including desaturation, chain elongation and oxidation, proceed, mainly in the form of fatty acyl-CoA, in mammalian tissues [1] . Another important role of acyl-CoA is to serve as an acyl donor in the formation of various types of simple and complex lipid molecules [1] . In addition to its role as a metabolic intermediate, long-chain fatty acyl-CoA is known to possess several functional roles as a modulator of various enzymes and cell functions. Possible roles of acyl-CoA in the modulation of the activities of enzymes, such as Na+,K+-ATPase [2] , Ca2+-ATPase [3] and protein kinase C [4] , and the function of thyroid hormone receptor [5] have been proposed. It has also been demonstrated that acyl-CoA is required for budding of transport vesicles from Golgi cisternae [6, 7] . Protein acylation involving acyl-CoA was also reported to contribute significantly to the regulation of protein function [8, 9] . Various proteins are known to be posttranslationally modified by palmitoylation and myristoylation. Such binding oflipid molecules is expected to change the physical properties of the modified protein quite dramatically, because largely hydrophilic residues become hydrophobic. This will influence the interactions between such modified proteins and other molecules present in their vicinity, such as lipids and other proteins.
In the present study, we developed a [14C]acyl-CoA labelling assay using [14C]arachidonoyl-CoA to survey novel targets of protein-acylation and to search for novel actions of acyl-CoA. This assay detected various [14C] arachidonate-labelled proteins in rat liver microsomal fractions. Among these target proteins, acyl-CoA-binding activity; initial rates of acyl-CoA binding and acylation were 0.25 and 0.004 min-' respectively. The proteins also had weak but distinct acyl-CoA-hydrolysing activity (0.006 min-'). These results suggest that the proteins catalysed the sequential reactions of binding to acyl-CoA, autoacylation, and hydrolysis of fatty acid. N-terminal amino acid sequencing analysis showed these proteins to be UDP-glucuronosyltransferase (UDPGT) isoforms. UDPGT activity was inhibited by arachidonoyl-CoA. These results suggest that binding of acylCoA and acylation of UDPGT isoforms regulate the enzyme activities, implying a possible novel function for fatty acyl-CoA in glucuronidation, which is involved in the metabolism of drugs, steroids and bilirubin.
50 and 53 kDa proteins were purified from rat liver microsomes guided by this assay. Interestingly, these proteins were acylated in the absence of other proteins, suggesting that they catalysed autoacylation, a novel type of protein acylation. The purified proteins also possessed acyl-CoA-binding activity. We identified the 50 kDa/53 kDa proteins as UDP-glucuronosyltransferase (UDPGT) isoforms by amino acid sequencing analysis and UDPGT assay. We further examined the effects of acyl-CoA on UDPGT activity. Treatment of the 50 kDa/53 kDa proteins with arachidonoyl-CoA suppressed the UDPGT activity. The physiological significance of the binding of acyl-CoA and the acylation of the 50 kDa/53 kDa proteins is discussed. Purification of acyl acceptor proteins from rat liver microsomes Male rats of the Wistar strain, about 300 g in body weight (Sankyo Lab Service Co., Tokyo, Japan), were used. All animals were maintained under an alternating light-dark cycle (light from 8:00 to 18:00 h), and fed a standard diet ad libitum. All procedures were carried out at 4 'C. Livers (2 livers, approx. 28 g) were rapidly isolated and microsomes were prepared by differential centrifugation as described previously [10, 11] .
EXPERIMENTAL
Microsomes were treated with 1 Several proteins labelled with [14C]acyl-CoA were enriched through these procedures, but the 50 and 53 kDa proteins were the major components. After desalting, the active fraction was 5 ml) pre-equilibrated with buffer A. When the proteins were eluted with a linear gradient of NaCl in buffer A (0-1 M; total volume 60 ml), the 50 and 53 kDa proteins were eluted around 0.2 M NaCl. This fraction was pooled and most of the experiments were performed using this fraction (termed the 'BlueToyopearl fraction').
For complete purification, the pooled Blue-Toyopearl fraction was applied to UDP-hexanolamine-agarose (Vt = 2 ml) after desalting, and eluted with 5 mM UDP-glucuronic acid (10 ml 
acylation).
To study the labelling of the proteins by acyl-CoA further, we attempted to purify acceptor proteins of labelled fatty acyl moieties from rat liver microsomal proteins.
Purification of 50 and 53 kDa proteins
We purified two major acceptor proteins of 50 and 53 kDa from the microsomal fraction of rat liver. The purification consisted of the solubilization of microsomes with CHAPS and sequential chromatography on Red-Toyopearl, hydroxyapatite, heparinToyopearl, Blue-Toyopearl and UDP-hexanolamine-agarose as described in the Experimental section. Table  1) . The labelling was inhibited by unlabelled arachidonoyl-CoA, linoleoyl-CoA, oleoyl-CoA, stearoyl-CoA, palmitoyl-CoA and myristoyl-CoA. The results indicated that the acylation has a broad specificity for acyl-CoA. This broad specificity for fatty acyl-CoA esters indicated that the acylation reaction is distinct from myristoylation and palmitoylation, both of which exhibit tight fatty acid specificities [8, 9] . Compounds such as CoA and ATP were next tested as potential competitors. Even 1 mM ATP and CoA failed to inhibit the acylation potently. This result suggests that the 50 kDa/53 kDa proteins have higher affinities for acyl-CoA than CoA and ATP. UTP and UDP-glucuronic acid were also ineffective.
We then searched for activators and inhibitors of the acylation reaction ( Table 2 ). Pretreatment of purified 50 and 53 kDa proteins with DTT (1 mM or 5 mM) enhanced the acylation (the buffer for the purification of the 50 and 53 kDa proteins already contained 1 mM DTT), while treatment with 2.50% 2-mercaptoethanol partially inhibited the reaction. In addition, SH reagents such as 5,5'-dithiobis-2-(nitrobenzoic acid) and Nethylmaleimide inhibited the acylation in a dose-dependent manner. Acylation was completely inhibited by these reagents at I mM. These results suggest that SH groups are involved in the acylation of the 50 kDa/53 kDa proteins. Acylation was completely inhibited by pretreatment with 3 % SDS, and by heat denaturation (100°C, 5 min). These results suggest that the acylation of these proteins is an enzyme-catalysed reaction. the experiments were performed in this fraction (defined as the 'Blue-Toyopearl fraction').
Complete purification of the 50 and 53 kDa proteins was achieved on UDP-hexanolamine-agarose (Figure 1 b) ; the minor contaminants were removed. Radioactivity was still incorporated into the purified proteins upon incubation with
[14C]arachidonoyl-CoA, suggesting that the acylation is catalysed by the proteins themselves, i.e. autoacylation, rather than by contaminating enzymes. (Table 2 ). Labelled proteins in the gel were treated with hydroxylamine (pH 7.0), KOH in methanol, and HCl. The radioactivity was reduced by hydroxylamine and KOH/methanol, but not by HCI. Since hydroxylamine (pH 7.0) cleaves thioester linkages and KOH in methanol cleaves ester linkages [8, 9, 12] Table 2 Effects of various treatments on acylation of the 50 kDa/53 kDa proteins These experiments suggested that the 50 and 53 kDa proteins are acyl-CoA-binding proteins, and that the acylation occurs by self-catalysis (i.e. autoacylation), as described above.
The 50 and 53 kDa proteins have acyl-CoA-hydrolysing activity Acyl-CoA hydrolase activity was assayed with the purified proteins. As shown in Figure 5 , very low acyl-CoA-hydrolysing activity was detected (approx. 111 pmol/min per mg of purified protein, or 0.006 min-1). Hydrolase activity depended on the [14C]Arachidonoyl-CoA hydrolase activity was inhibited by various unlabelled acyl-CoAs, suggesting that the hydrolase reaction has a broad acyl-CoA specificity (results not shown). This specificity was the same as that of the acylation reaction. The results suggested that covalently bound fatty acid is turned over by the hydrolase activity. The fraction had no detectable non-specific carboxylesterase activity towards p-nitrophenyl acetate (results not shown).
The 50 and 53 kDa proteins are isoforms of UDPGT The N-terminal amino acid sequences of the 50 and 53 kDa proteins were analysed up to 21 residues; GKVLVWPMEFS-HWMNIKTILD and GKVLVWPMDFSHWMNIKIILD respectively. These results strongly suggest that the two proteins are related. A protein homology search in a database showed that the N-terminal sequence of the 50 kDa protein was identical to previously reported partial sequences of UDPGT isofoms, UDPGTr-3 [16] and UDPGTr-5 [17] , and that the corresponding sequence of the 53 kDa protein was identical to that of UDPGTr-4 [18] (Table 3) . We have already confirmed the binding activity of the 50 and 53 kDa proteins to UDP-hexanolamine-agarose (UDP-sugar analogue, Figure lb) . Furthermore, the purified proteins possessed the enzyme activities of UDPGT, 197.1 and 193.8 nmol/min per mg of protein against testosterone and androsterone respectively (Table 4) . These are putative substrates of UDPGTr-3/UDPGTr-5 and UDPGTr-4 (Table 3) . These UDPGT activities against testosterone and androsterone were enriched about 109.5-and 65.7-fold respectively, compared with the microsomal activities after the purification procedures. The observation that the proteins possess this enzyme activity strongly supports the conclusion that they are UDPGT isoforms. The 50 and 53 kDa proteins are multifunctional enzymes with both acyl-CoA hydrolase and UDPGT activity, although the magnitudes of the activities differed by about 1000 times. The 50 and 53 kDa proteins seem to have different catalytic sites for different enzyme activities, because acylation was not inhibited by UDP-glucuronic acid ( Table 1) 
DISCUSSION
In this study, we have purified the 50 and 53 kDa proteins, two major acyl-acceptor proteins, to near homogeneity from a rat liver microsomal fraction. The detection of 14C-labelling in these proteins after SDS/PAGE suggested that covalent modification, i.e. acylation, had occurred. Acylation occurred in the absence of any other proteins, suggesting autoacylation.
Several experiments suggested that the 50 and 53 kDa proteins were acyl-CoA-binding proteins. Acyl-CoA binding to the proteins occurred rapidly, whereas the autoacylation occurred slowly (Figure 3 ). These proteins also possess weak acyl-CoA hydrolase activity ( Figure 5 ). The rates of the three phenomena were 0.25 (binding), 0.004 (acylation), and 0.006 min-' (hydrolysis), respectively. These results demonstrated that these proteins catalysed the sequential reactions of binding of acyl-CoA, autoacylation and hydrolysis of the fatty acid.
The physiological significance of the sequential reactions of the 50 kDa/53 kDa proteins with acyl-CoA remains to be established. Several lines of experimental evidence indicated that these proteins are UDPGT isoforms (Figure lb and Tables 3 and  4) . UDPGT catalyses the glucuronidation of endogenous (bilirubin and steroids) as well as xenobiotic compounds, and is mainly located in the endoplasmic reticulum of hepatocytes [19] [20] [21] . Many isoforms, which exhibit different substrate specificities, are known to exist. Recent cDNA cloning studies of UDPGT have confirmed the existence of isoenzymes [16] [17] [18] 20, 21] .
A possible explanation for the role of the interaction of the 50 kDa/53 kDa proteins with acyl-CoA (binding of acyl-CoA, autoacylation, and ester bond hydrolysis) is that the processes affect the UDPGT activity. In fact, acyl-CoA treatment inhibited the UDPGT activity of the purified proteins and microsomal fractions in the in vitro assay (Table 4 ). This inhibition was mainly due to the binding of acyl-CoA. The acylation of the proteins also contributed to the inhibition of UDPGT activity. Acylation may involve more stable inhibition of the enzyme activity ( Table 4) .
The question of whether acyl-CoA is involved in the regulation of UDPGT activity within intact cells is critically important. Recently, Zhong et al. [22] reported that long-chain fatty acids inhibited the glucuronidation of benzopyrene in situ during liver perfusion. They attributed the inhibition to acyl-CoA derived from a free fatty acid, but not to free fatty acids themselves. The findings of the present study seem to account for the mechanism of inhibition of UDPGT activity in this in situ assay. Krcmery and Zakim also reported that physiological concentrations of oleoyl-CoA inhibited microsomal UDPGT activities towards 4- nitrophenol and l-naphthol [23] . These reports suggest the possible regulation of UDPGT activity by acyl-CoA not only in vitro, but also within intact cells.
Various lipid-binding proteins are know to exist within cells. Glutathione S-transferases are fatty acid-binding proteins and their activities are also regulated by fatty acid [24] . Both glutathione S-transferases and UDPGT are involved in the conjugation of hydrophobic molecules. It is very interesting that these enzymes, which have similar functions, are lipid-binding proteins and are regulated by lipids.
We detected several acyl-acceptor proteins by [14C]acyl-CoA labelling assay even after several purification steps (Figure la) . These proteins also seemed to catalyse the autoacylation reaction, suggesting the diversity of autoacylation. Previously, a protein capable of catalysing an autoacylation reaction was detected and purified from bovine liver extract using an 1251-labelled myristoylCoA analogue [25, 26] . This protein was identified as methylmalonate-semialdehyde dehydrogenase and the enzyme activity was also inhibited by acyl-CoA. Yeast aldehyde dehydrogenase and bovine liver glutamate dehydrogenase were also regulated by acyl-CoA via autoacylation [26] . These enzymes, however, are clearly different from the 50 and 53 kDa proteins in several characteristics such as tissue and subcellular distribution, and relative molecular mass. Although autoacylation is a novel and unique concept for the regulation of the function of enzymes by fatty acid modification, information regarding proteins which undergo autoacylation is extremely limited. Using these assays, acyl-acceptor proteins other than UDPGT isoforms and these dehydrogenases may also be detected. The accumulation of evidence for autoacylation of various proteins is necessary to understand the precise role of this type of protein modification.
In conclusion, we have demonstrated that UDPGT isoforms are novel acyl-CoA-binding and fatty acid-modified proteins. These modifications are proposed to be part of a novel system of regulation of UDPGT activity by acyl-CoA. Fatty acyl-CoA may modulate the glucuronidation involved in the metabolism of drugs, steroids and bilirubin.
